Background: Smooth pursuit and antisaccade abnormalities are well documented in
INTRODUCTION
Eye movements can be broadly categorised into saccades, which redirect gaze to bring the image of an object onto the fovea, and smooth pursuit, which allow a moving object to remain fixed on the fovea. Schizophrenia has been associated with abnormalities of smooth pursuit (Levy et al 1994) and more recently increased antisaccadic errors, which are erroneous reflexive saccades made towards a peripheral target when subjects are instructed to direct their gaze to its mirror image location (Crawford et al 1995; Fukushima et al 1990; Katsanis et al 1997; McDowell & Clementz, 1997) . Both abnormal smooth pursuit and increased antisaccade errors have been found at illness onset in medication-naïve patients (Sweeney at al, 1992; Lieberman et al 1993; Hutton et al 1998) and in first-degree relatives (Holzman et al 1988; Crawford et al 1998; Ross et al 1998) . Thus, oculomotor abnormalities may represent markers of genetic vulnerability to schizophrenia.
Functional imaging studies have provided evidence for two separate but parallel cortical systems that subserve pursuit and saccadic eye movements in humans (Petit & Haxby, 1999; Berman et al 1999; Rosano et al 2002) . However, few studies have used imaging techniques to examine the structural neural correlates of smooth pursuit and saccadic eye movement abnormalities in schizophrenia, although this approach has been used to investigate neural correlates of cognitive abnormalities with some success (Delisi et al 1991; Sullivan et al 1996 , Stratta et al 1997 Szeszko et al 2002 and Meisenzahl et al 2004; Salgado-Pineda et al 2004) .
Abnormal smooth pursuit eye movements have been associated with larger ventricles in chronic schizophrenia in some computed tomography (CT) (Bartfai et al 1985; Smeraldi et al 1987) and magnetic resonance imaging (MRI) (Blackwood et al 1991) studies whereas antisaccadic abnormalities were found to be associated with frontal cortical atrophy on CT (Fukushima et al 1988) . However, no correlation was observed between smooth pursuit and ventricular-brain ratio in medication-free schizophrenia patients (Siever et al 1986) or MRI volumetric indices of a number of brain regions including lateral ventricles, medial temporal lobe structures and fronto-parietal cortex in firstepisode or established schizophrenia patients (Katsanis & Iacono, 1991; Levy et al 1992) . These studies have generally used volumetric indices of brain structure. It is possible that oculomotor abnormalities reflect subtle localised neuropathological changes that do not necessarily culminate in atrophy.
Magnetisation Transfer Imaging (MTI), and the quantitative index, Magnetisation transfer ratio (MTR) (Wolf and Balaban, 1994 ) is based on the interaction of protons bound to macromolecular structures and free protons in tissue water. In brain tissue, the major macromolecules in the bound proton pool are thought to be cell membrane proteins and phospholipids in grey matter and myelin in white matter. Bound protons, undetected by conventional MRI because of their very short relaxation times, are preferentially saturated using an off-resonance radio-frequency pulse. Chemical exchange or direct dipolar coupling transfers macromolecular saturation from bound to free protons, causing decreased longitudinal magnetization (Henkelman et al 2001) . The MT signal is closely related to macromolecular density, which is mainly dependent upon cell membrane proteins and phospholipids in grey matter and myelin in white matter. Pathological processes that damage macromolecules and brain parenchymal integrity, particularly cell membranes and myelin, cause MTR reductions (Lexa et al 1994; Mottershead et al 1998; Van Waesberghe et al 1999; Bosma et al 2000; Van Buchem and Tofts, 2000) . The specific molecules responsible for the MT signal in grey matter are yet to be specified, although creatine, choline and n-acetyl aspartate related compounds are thought to contribute (Meyerhoff, 1999) . Wallerian degeneration triggered by distant axonal damage and microscopic lesions are thought to explain cortical MTR reductions in multiple sclerosis which were not detectable using conventional MRI (Cercignani et al 2001) . MTR reductions in grey matter are likely to be related to decreased cell number, cell size, dendritic density or may reflect abnormal cell membrane structure. In our earlier study (Bagary et al 2003) , we reported MTR abnormalities in the medial prefrontal cortex, insula and fasciculus uncinatus in firstepisode schizophrenia patients compared to matched healthy control subjects, in the absence of detectable atrophy.
We examine here the relationship between brain structure and oculomotor function using MTR and conventional (T1) high-resolution volumetric MRI. The combination of these techniques enhances sensitivity to atrophy and allows the detection of subtle neuropathological changes in its absence. This has been illustrated in a recent study (Davies et al 2004) that combined these techniques to explore brain abnormalities in patients with multiple sclerosis. Cortical atrophy (as measured by T1 high-resolution sequence) correlated with decreased MTR, but cortical MTR reduction was still significant after volumetric changes were taken into account, supporting the view that MTR provides additional information about intrinsic tissue pathology. We used voxelbased morphometry (VBM) to reduce observer bias, allowing whole brain analysis without limiting correlations to pre-determined regions of interest. Both smooth pursuit and antisaccade performance were measured in a sample of first-episode schizophrenia patients wherein detectable brain abnormalities are more likely to reflect the primary disease process, diminishing confounds such as medication exposure and chronicity.
METHODS AND MATERIALS Participants
The patients were recruited as part of a larger ongoing prospective study of first-episode schizophrenia in West London, UK. The data from twenty-seven patients were used on the basis that they had performed both imaging and oculomotor components of the study. Subjects were assessed on recruitment with the Scales for the Assessment of Positive Symptoms (SAPS, Andreasen, 1984b) and Negative Symptoms (SANS, Andreasen, 1984a) . In each case the diagnosis of schizophrenia (DSM-IV) was determined at regular review meetings held by two experienced clinicians (EMJ, TREB) using the criteria of the Structured Clinical Interview for DSM-IV (SCID, First et al, 1997) . Subjects with a history of neurological or systemic illness, head injury, drug abuse or alcohol intake over 240g/week were excluded. Sixteen were male; three were left-handed, as determined by Annett's (1970) 
Procedures

Oculomotor function
Subjects were comfortably seated 1.5 meters from the screen. Head movements were minimized using an adjustable headrest. All paradigms were conducted in the dark. Eye Saccadic eye movements were analysed using software that enabled rejection of artefacts. Eye position data was filtered using a Kaiser window low-pass filter and the signal differentiated to yield eye velocity. Saccades were detected using acceleration (increased eye velocity of 30 degrees/second) and amplitude (>0.5 of a degree) criteria.
Saccades were classified according to standard criteria (Abel et al 1991; Friedman et al 1992) by the operator (SBH). Smooth pursuit analysis was performed using the Eyemap analysis package (Amtech GmbH, Heidelberg, Germany). Smooth pursuit velocity gain was measured by excluding blinks and both corrective and intrusive saccadic movements from the data. In each half-cycle, a 50-ms portion of smooth pursuit eye movement were selected and expressed as peak velocity gain (eye velocity/ target velocity). This portion was always collected from the middle third of each half cycle, to avoid acceleration and deceleration transients at the beginning and end of each ramp.
MRI
All first-episode schizophrenia patients underwent MRI examination using a GE Signa 256x256 pixel image matrix, 24x24cm FOV) also generates T2-weighted and protondensity images sequence which are co-registered with the MT images during acquisition (Barker et al 1996) . MTR was calculated on a pixel-by-pixel basis from the formula MTR = {[Mo-Ms]/Mo} x 100, where Ms and Mo are the mean signal intensities with and without the saturation pulse, respectively. A neuroradiologist reviewed MRI scans and no gross abnormalities were found.
Image processing
Data were processed on a Sun Ultra workstation (Sun Microsystems, Mountain View, CA) using SPM99 (Wellcome Department of Cognitive Neurology, London, UK) working in MATLAB (MathWorks, Natick, MA) unless otherwise stated.
MTR
Spatial normalization involved registration of the T2-weighted images into standard space using a modified (Symms et al 1997) version of the Automated Image
Registration software (Woods et al 1992) . A masking procedure was used to remove non-brain tissue and linear transformations were used to normalize T2-weighted scans to the Montreal Neurological Institute (MNI) template in SPM. The normalization parameters were then applied to MTR images (Bagary et al 2003) .
Volumetric imaging
Total brain, grey matter and white matter volumes were calculated according to methods described by Chard and colleagues (2002) . For regional correlations, images were spatially normalized to the standard T1-template in SPM99, following a method that optimises segmentation accuracy for VBM (Good et al 2001) . Images were aligned and spatially normalized to the standard T1 template in SPM99 using affine registration and flipped to neurological space. Images were then segmented into grey matter, white matter and CSF. Grey and white matter segments were extracted to remove non-brain voxels. The extracted brain images were subject to non-linear normalization to the greyand-white image template in SPM99 using 7x8x7 basis functions. The resulting images were segmented to produce grey matter, white matter and CSF tissue maps in MNI space having excluded non-brain voxels. A modulation step was used to preserve within-voxel volumes that may have been altered during non-linear normalization Friston, 2000, 2001) allowing subsequent correlations between eye movements and absolute regional brain volume.
Smoothing of volumetric and MTR data
Taking account of voxel size and the size of structures within which abnormalities were predicted, images were smoothed to 12mm (volumetric) and 15mm (MTR) using a fullwidth-half-maximum Gaussian filter to improve signal-to-noise ratio and to allow for inter-subject anatomical variability.
Statistical analysis
Volumes of total grey and total white matter as a fraction of total brain volume were correlated with oculomotor indices using Spearman's rank order correlation. For regional correlations, smoothed MTR and volumetric data from first-episode schizophrenia patients were subject to covariate analysis based upon the general linear model and the theory of random Gaussian fields (Worsley et al 1992; Friston et al 1996) . Thresholds for both MTR and SPGR data were set at 40% of mean image intensity to minimize low signal-to-noise voxels. Only voxels exceeding this intensity threshold (40% of mean image intensity) were included in the analyses. As calculation of mean intensity includes all the (very low intensity) voxels outside the head, the cutoff of 40% of this value should not exclude any voxels that are fully brain tissue. This procedure excluded noise areas outside the brain and/or in the ventricles. Proportional scaling was used to normalize image intensity in SPGR grey and white matter maps.
Smooth pursuit velocity gain and antisaccade errors were selected as covariates of interest with three nuisance variables (gender, age and handedness). In order to minimise the risk of Type 1 errors, we focussed on antisaccade errors and smooth pursuit velocity gain as these two measures are the most robust and reliably reported indices of oculomotor dysfunction in schizophrenia. For regional correlations, we selected a voxel-level study threshold of p<0.001, uncorrected to avoid an overly conservative correction for family-wise type 1 error in a structural VBM analysis. SPM was originally designed to analyse functional data and correction for multiple comparisons can be considered overly conservative when applied to structural data (Sowell et al 1999) . The study threshold was based on analysis parameters validated using healthy control subjects (n = 30) divided into two subgroups matched for age, handedness and gender. At the threshold of t > 3.24, p < 0.001, uncorrected there were no voxel-level differences in MTR or SPGR (both grey and white matter) between the two subgroups of healthy controls, suggesting this threshold minimizes false positives (Bagary et al 2003) . Small clusters (<25 contiguous voxels) were also excluded to further minimise false positives (Wilke et al 2001) . Results were then subjected to correction for multiple comparisons (p<0.05) using Random Field Theory (Worsley et al 1992) . Spatial MNI co-ordinates were transformed into Talairach-brain co-ordinates using transformations (see www.mrccbu.cam.ac.uk/imaging/mnispace) to allow Talairach anatomical localization (Talairach and Tournoux, 1988) . Comparisons between control and patients were performed using x 2 and t-tests.
RESULTS
There were no differences for age (t = 0.03, df = 51, p = 0.976), gender (x 2 = 0.153, p = 0.696) and handedness (x 2 = 0.181, p = 0.670) between first-episode schizophrenia patients and controls.
Smooth pursuit velocity gain was significantly reduced and the percentage of antisaccadic errors significantly increased in first-episode schizophrenia patients compared to matched controls (see table 1 ).
Correlations between brain parenchymal tissue fractions and oculomotor measures
There were no significant correlations (Spearman's rho) between either total grey or total white matter volumes, as a fraction of total brain volume and oculomotor indices measured i.e. smooth pursuit velocity gain or percentage of antisaccadic errors (see table1).
Correlations between brain regions and oculomotor measures (see table 2) i) Percentage of antisaccade errors
There were no significant correlations between percentage of antisaccade errors and MTR. However, antisaccade errors were negatively correlated with grey matter volume in the right medial superior frontal cortex ( fig.1 ) suggesting worse performance on the antisaccade task was associated with reduced grey matter volume in this cortical region.
ii) Smooth pursuit velocity gain
Smooth pursuit velocity gain was positively correlated with MTR in the right postcentral gyrus, right cingulate gyrus, right precentral gyrus, right middle frontal gyrus and left inferior frontal gyrus ( fig.2) . Thus, worse performance in the smooth pursuit velocity gain task was associated with reduced grey matter integrity, as measured by MTR, largely in the right prefrontal cortex. No correlations were found between smooth pursuit velocity gain and regional grey matter volume.
DISCUSSION
In this study we have demonstrated that oculomotor function in patients with firstepisode schizophrenia correlates with measures of brain structure derived from highresolution MRI and MTR using VBM. We found that increased antisaccade errors were associated with decreased right superior medial frontal cortical volume. Additionally, decreased smooth pursuit velocity gain was associated with cortical MTR reductions in several areas, predominantly in the right frontal lobe.
Previous studies have found significant relationships between oculomotor function and indices of whole brain or frontal lobe volume in patients with established schizophrenia (Bartfai et al 1985; Smeraldi et al 1987; Fukushima et al 1988; Blackwood et al 1991) .
In first-episode patients, no such relationships have been found (Levy et al 1992) . Our study, which employed imaging techniques with better spatial resolution, also failed to find correlations between eye movements and both total grey and total white matter volumes in a sample of first-episode patients. This suggests that the relationships between eye movement performance and brain structure are regionally specific, at least in the early stages of the illness.
Functional neuroimaging studies of smooth pursuit, visually-guided saccades (prosaccades) and antisaccades in healthy volunteers have found common activations in areas which have been shown to subserve oculomotor function in non-human primate electrophysiological studies (e.g. Gottlieb et al 1993; Gottlieb and Goldberg, 1999; Schlag-Rey et al 1997; Schlack et al 2003; Tian & Lynch, 1995) . These are two frontal areas, the supplementary eye fields (SEF) and the frontal eye fields (FEF), and the posterior parietal cortex (PPC) (Berman et al 1999; Petit and Haxby 1999; O'Driscoll et al 1998) . In our study, the cortical area associated with antisaccade performance was in the right superior frontal cortex within Brodmann's area 6. This was a highly circumscribed area and it is difficult to be more precise about the exact location as image normalisation procedures inevitably blur individual differences in anatomical boundaries. Nevertheless this area almost certainly corresponds to an area within the oculomotor circuitry relevant to antisaccade performance. For example, Dorricchi and colleagues (1997) found that the same area was activated on the right during antisaccades compared to pro-saccades and suggested that this corresponded to the supplementary motor area (SMA), which contains the SEF. Medial prefrontal cortex activation in functional studies using saccadic and antisaccadic paradigms varies considerably however, and the majority would suggest that the SMA is more medially situated on the wall of the paracentral lobule (Luna et al 1998; Grosbras et al 1999) . An alternative possibility is that the area we have identified corresponds to the medial aspect of the frontal eye field (FEF) which lies in the dorsal aspect of the precentral sulcus near the junction with the superior frontal sulcus (Paus, 1996) .
Over and above the ability to perform a saccadic eye movement, the antisaccade paradigm requires the inhibition of a reflex pre-potent saccade towards the target and the computation of the co-ordinates required to generate a saccade to the mirror image location. The neural mechanisms for inhibition and vector transformation are not entirely clear. It has been argued that both of these processes depend on working memory resources mediated by the dorsolateral prefrontal cortex (DLPFC) (Roberts et al 1994; Stuyven et al 2000; Hutton et al 2002) . This is supported by imaging studies which have found that, in addition to activation of the oculomotor circuitry described above, the DLPFC is activated during antisaccades but not pro-saccades performance (Sweeney et al 1996; Dorricchi et al 1997; Muri et al 1998; McDowell et al 2002) and evidence showing increased antisaccade errors following DLPFC damage (Guitton et al 1985; Pierrot-Deseilligny et al 1991; Fukushima et al 1994) . Thus one hypothesis is that a signal from DLPFC to FEF activates an inhibitory mechanism within FEF, which results in suppression of a reflex pro-saccade and generation of an antisaccade (Munoz and Everling, 2004) . Alternatively, inhibition and vector transformation may be a function of the oculomotor circuitry itself (Munoz and Everling, 2004) . Curtis and D'Esposito (2003) showed that an area near the SMA (pre-SMA) and the SEF, but not the DLPFC, is maximally active prior to the generation of an antisaccade and therefore 'prepares' other regions so that a reflex pro-saccade is less likely when the target appears. Other imaging studies have also failed to find activation in DLPFC in relation to antisaccade performance (O'Driscoll et al 1995; Raemaekers et al 2002) .
There have been relatively few functional imaging studies comparing antisaccade peformance in patients with schizophrenia and healthy controls. Again the evidence is conflicting. For example, McDowell and colleagues (2002) found that antisaccade performance activated oculomotor circuitry in both patients and controls but DLPFC activation was evident only in controls, whereas Raemaekers and colleagues (2002) did not find DLPFC activation at all, either in patients or controls. Rather, the latter study found that oculomotor circuitry in general was less active in patients compared to controls during saccades. We found no correlation between structural measures of DLPFC integrity and antisaccade errors. There are two possible explanations for this finding. One is that abnormalities in DLPFC early in the course of schizophrenia, if present, are beyond the resolution of the techniques used in this study. The other is that the SEF/FEF area identified in our study is a more relevant frontal area than DLPFC for the performance of antisaccades and therefore emerges as a correlation.
The reasons why antisaccades were correlated with a volumetric measure and not with MTR remain unclear. A possible explanation in need of further confirmation is that SPGR and MTR may be sensitive to different neuropathogical processes or, alternatively, to the same neuropathological changes at different stages of evolution.
We also found that impaired smooth pursuit was related to cortical MTR reductions, predominantly in the right frontal lobe in two clusters of voxels: A medial cluster corresponding to the right anterior and posterior cingulate gyrus (Brodmann areas 24, 31, 32) and a lateral cluster corresponding to the post-and pre-central and the middle frontal gyri (Brodmann areas 3, 6 and 9). A small focal area of MTR reduction on the left corresponded to the inferior frontal gyrus. Although its localization is imprecise, the lateral cluster was in the vicinity of the frontal eye fields. There was no overlap between this area and that related to antisaccade errors. However, activation studies show that although saccades and smooth pursuit activate the same oculomotor regions, the areas mediating saccades and pursuit are actually distinct and are located in near-by but different areas (Berman et al 1999, Petit and Haxby, 1999; Rosano et al 2002 ). Berman et al (1999 demonstrated that smooth pursuit and saccades activated the anterior and posterior cingulate cortex with the spatial extent being greater for pursuit in the posterior cingulate, which may have a role in integrating sensory and motor signals, which is especially important for sustained pursuit performance. This is a possible explanation of why we found structural correlations with the cingulate gyrus for pursuit but not with
antisaccades.
There has been only one functional neuroimaging study examining smooth pursuit on both patients with schizophrenia and healthy controls (Tregellas et al 2004) . This found that the greatest distinction between patients and controls was that the former showed greater activations in the posterior hippocampus bilaterally and in the right fusiform gyrus, which they attribute to an illness effect rather than a performance effect. In addition patients tended to show lower activations in the right frontal eye fields, the cingulate gyrus and medial occipital region.
The significant correlations we observed were predominately right-sided. The reasons for this are not clear. Functional imaging studies of pursuit (e.g. Rosano et al 2002; Petit & Haxby, 1999) and antisaccade performance (e.g. Curtis & D'Esposito, 2003; O'Driscoll et al 1995) in healthy controls do not report significant laterality effects for SEF and FEF oculomotor areas. One speculative interpretation is that our findings reflect neural immaturity in first-episode schizophrenia patients. Directional asymmetry observed in young primates (human and nonhuman) may reflect a different neural organization of the pursuit system with a presumed maturational compensation (Takeichi et al 2003) . Further studies will be required in order to determine whether this lateralization is specific to patients with first-episode schizophrenia.
The effects of neuroleptics on MTR have not been studied and could be a potential confound although there is little evidence from experimental animal studies to suggest that neuroleptic medication contributes to the neuropathology of schizophrenia (Harrison, 1999) . The main limitation to the study is the lack of imaging data on control subjects, which makes it impossible to confirm whether oculomotor neuronal circuits are abnormal in schizophrenia. The full significance of the correlations reported in this study may become apparent in planned longitudinal studies with appropriate control subjects, which should also explore other eye movements known to be abnormal in schizophrenia, such as antisaccade latency and increased anticipatory saccades during pursuit (Hutton et al 1998; Tregellas et al 2004) .
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